INTRODUCTION
A number of investigators have attempted to describe the morphologic and metabolic changes which erythrocytes undergo during the aging process (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . For such studies, a method for separating red cell populations according to age is required. Several techniques have been employed including separation by differential agglutination (14, 15) , osmotic fragility (16) , induction of anemia (13) , marrow damage by irradiation (17) or drug administration (19) , and transfusion of red cells into patients with aregenerative anemia (18) .
The most common methods used, however, have been a variety of centrifugation techniques (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . This approach not only assumes that older red cells are more dense but also that they are not,-altered significantly by the in vitro separation procedure. Naturally, these assumptions would be of less concern if consistent and reproducible data were forthcoming from these methods.
However, even in respect to measurements of cell size and hemoglobin content, there has been little agreement among investigators. For example, in recent studies, a reduction (10, 17) , increase (8) , and constancy (11) of mean corpuscular volume have been recorded.
In view of these conflicting results, an effort was made to devise an experimental system which permits the study of aging red cell populations in an in vivo environment. Although other investigators have made attempts to study cells in vivo (13, (17) (18) (19) , this is, to our knowledge, the first description of a model which permits the study of normal red cells during more than 80% of their life-span while circulating in a healthy animal. By applying the previously described technique of transfusion-induced erythroid marrow depression (20) , a normal red cell population was observed in rats for a period of 43-48 days without significant contamination by newly produced cells. It was apparent that the aging red cell undergoes both a volume reduction and significant hemoglobin loss-changes which have previously been described only in anemia induced macrocytes (20) . O and 1   80-----------¢ 40   2  _  10  1 4   -----------20   22  10  28 10------------10 (11, (21) (22) (23) . For sizing, the cell concentration was adjusted to approximately 10,000/ml, the aperture current switch set at I (1 ma), and the amplification at 1. Five plots were registered using separate dilutions of each sample studied, and an average volume distribution was calculated. In study A, hematocrits and mean corpuscular volumes (MCV)' were also measured with the corresponding Coulter computers. 1 Abbreviations used in this paper: ACD, acid citrate dextrose solution; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume.
There was good agreement between the measurements obtained by the conventional methods and the Coulter instruments over the full range studied (hematocrit, r = 0.97; MCV, r = 0.83). Consequently, average values were used. Both the accuracy of these measurements, when performed repeatedly on a single sample, and the constancy of the control animals' values during the 7 wk of the study are summarized in Table I . Suppression of red cell production by hypertransfusion has been documented using reticulocyte counts and radioiron incorporation (20) . In these studies, continued suppression of red cell production was monitored with repeated reticulocyte counts. After supravital staining with new methylene blue, the number of reticulocytes among 5000 red cells was enumerated using five different coverslips. Whereas the normal control rats demonstrated mean reticulocyte counts of 1.0 to 1.5 X 105/mm3, the hypertransfused animals maintained an average count of 0.13 X 10'/mm3, ranging from 0.05 to 0.19 X 10'/mm3. Marrow production was thus reduced to less than 10% of normal. Reticulocyte counts were always recorded on the days of transfusion, when hematocrits were at lowest levels. It would be expected that marrow depression was even greater on the days immediately after hypertransfusion.
The red cell population of each of the remaining hypertransfused rats (E5), and the control rats sacrificed on day 45 (C3) were labeled with 51Cr and their survival determined in normal and splenectomized recipients (24, 25) . 1 ml of whole blood from each study animal was incubated with 50 uCi 51Cr in (ACD) acid citrate dextrose solution for 15 min at room temperature, washed three times with five volumes of rat plasma, and an equal portion injected into the recipients using the tail vein route. Samples were taken from the tail vein at 2 hr, 2 days, and at 1-2 day intervals thereafter. 0.02 ml was pipetted into 2 ml distilled water and counted on a Nuclear-Chicago Gamma Well Type Scintillation Counter (Nuclear Corp., N. J.) to 10,000 counts above background for ±+l% accuracy.
RESULTS
Mean cell constants. The changes in mean cell constants during in vivo aging are summarized in Fig. 2 . The MCV fell in a nearly linear fashion with a 13-16% reduction in volume by the 40-45th day. At the same time, the mean corpuscular hemoglobin (MCH), demonstrated a reduction of 11-13% of the original hemoglobin content of the cell. There was, however, no change in the MCH for the first 2 wk in the aging study.
The early fall in MCV did correlate with a rise in mean corpuscular hemoglobin concentration (MCHC).
There was a 4-7% rise in MCHC during the first 25 days of the study. Interestingly, this increase was not maintained. The MCHC returned towards normal after the 25 day until the value barely exceeded the original and control measurements.
Volume distribution studies. As the cell population aged, the volume frequency distribution curve was significantly shifted towards smaller cell volumes (Fig. 3) . This phenomenon appeared to involve every cell since the original asymmetry of the curve remained unaltered with the shift to the left.
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Using this system, two complete separate studies were performed. In both, erythrocyte aging was associated with distinct changes in the red cell constant. As reported by Piomelli et al. there was a significant fall in the MCV, and an increase in the MCHC during the first 25 days of the study. It thus appears that volume reduction by cell water loss is experienced both by reticulocytes and the younger portion of the circulating adult red cell population. As shown in Fig. 5 , this loss would tend to be most rapid as the reticulocyte enters The oldest cells did not show a continuous rise in MCHC. Instead, late in their life span, the cells demonstrated a steady decrease in their MCH which was from then on the major cause of a continued decrease in the MCV. From the 25th to the 43rd-47th day, the MCH fell continuously until 11% reduction had occurred. At the same time, the MCHC reversed its upward trend, and began to fall, suggesting that proportionately, more hemoglobin than cell water and electrolyte was being removed from the cells. This observation must raise some doubts about studies which used density gradient techniques to identify older red cells (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) .
At least two mechanisms of rat red cell shrinkage may be identified. The first, loss of cell water occurs early in the life-span and may well accompany the degradation of ribosomes and ribonucleic acid proteins. Thus, it would be more marked in the reticulocyte stage, and then would gradually decrease during the first weeks of life. In contrast, the second, a loss of hemoglobin of individual red cells can occur at two specific times in the life span of the rat erythrocytes. Anemia-induced macrocytes show as much as 15% loss of cell hemoglobin within 10 days of their release into circulation (20) . This hemoglobin loss is accompanied by a major loss in cell membrane,' suggesting a mechanical remodeling of macrocytes without an apparent reduction in viability (28) . Such a phenomenon would help to explain the early-labeled bilirubin pigment fraction observed when anemic rats are labeled with the heme precursor glycine-2-"C (28) .
Once the red cell approaches a normal volume, this process seems to cease. Only in the later part of the red cells' life-span does the process of cell hemoglobin loss resume. At this time, a 13% or better reduction in cell volume and hemoglobin occurs. Theoretically, this apparent remodeling of the red cells could be caused by a loss of a specific population of large cells with increased hemoglobin content; although not directly excluded, this possibility seems unlikely in view of the symmetry of the cell volume distribution curve with aging. The shape of the cell volume pattern on the 48th day was identical with that found in control animals, exhibiting the typical skew toward the right. If larger red cells were being destroyed preferentially, it would seem likely that the minor population of big cells would have disappeared, thereby changing the shape of the right side of the curve.
These findings are of significance in at least two areas. First, they may help to interpret small animal red cell lifespan data. (27) , it is of interest to see a fall in MCHC accompanying the MCH reduction. The latter phenomenon could be cited as an example of splenic removal of a portion of individual cell membrane and content without destruction of cellular integrity. On anatomical grounds, Weiss and Tavassoli visualize a progressive fragmentation of aged erythrocytes in the course of repeated splenic passage (29) . Interpretation of the MCHC change is more difficult. This present study implies that the processes of hemoglobin and cell water loss are unequal and result in an apparent gain in cell water as the cell volume decreased. At least two explanatory theories might be advanced. First, there may be a specific change in membrane permeability to water and electrolyte associated with the aging process, resulting in a gradual fall in hemoglobin concentration within the cell, irrespective of the loss of cell membrane and hemoglobin. A second theory would connect the two processes. It could be postulated that the concentration of hemoglobin near the red cell membrane increases with age because of water and electrolyte loss through a leaky membrane or denaturation of hemoglobin. If the latter were true, the splenic removal of a piece of membrane and a small portion of hemoglobin content would have to result in a decrease in hemoglobin concentration, since more hemoglobin than water would be lost in this fragment. This theory is somewhat more attractive for it not only explains the results of this study but also provides a potential reason for the initiation of splenic remodeling; that is, an increase in cell rigidity secondary to the higher concentration of normal denatured hemoglobin just inside the membrane.
